C oxiella burnetii infection of humans causes Q fever, a flu-like illness whose symptoms typically include fever, headache, and myalgia (1) . In some cases, pneumonia and/or hepatitis can be present. Most patients resolve the infection and are immune to further C. burnetii infections, but a minority of patients are unable to clear the bacteria and develop a chronic infection that most often presents as culture-negative endocarditis (2) . C. burnetii is a Gram-negative bacterium that is typically transmitted by inhalation of aerosols that contain the bacteria (3) . Once the organism is in the lungs, cells of the monocyte/macrophage lineage are infected (4) . Infections can be initiated with small numbers of organisms, and the bacteria are slow growing in vivo. Humans therefore have a dose-dependent incubation period of 1 to 3 weeks before the onset of symptoms (1) . At the time of symptom onset, C. burnetii organisms are often detectable in blood and serum (5) .
Antibody responses develop 7 to 14 days after the onset of symptoms, with IgG antibody appearing shortly after IgM (1) . Once IgG antibodies are present, C. burnetii quickly becomes undetectable in the blood (5) . The mechanism by which C. burnetii is cleared from the blood is not known, but the timing correlates well with the development of immune responses (5) . Although recent reports have suggested that C. burnetii DNA and antigen can be detected years after an acute infection, viable organisms are thought to be eliminated more quickly (6, 7) . However, the time required for complete clearance of viable C. burnetii in humans is not known. Cellular immune responses are thought to be initiated in humans with kinetics similar to those of the antibody response, but this has not been studied extensively (8) .
Mouse models of C. burnetii infection have been used to demonstrate that both CD4 and CD8 T cells are needed for clearance of the agent, with B cells playing a supporting role (9) . Both serum and splenocytes from immune mice can transfer significant protection against C. burnetii to naïve mice, but only transfer of immune splenocytes can confer protection on SCID mice (10) . These studies have suggested that both T and B cell responses play a significant role in protective immunity in humans.
The only currently commercially available human vaccine against Q fever is Q-Vax, a whole-cell formalin-inactivated preparation of the phase 1 Henzerling strain of C. burnetii. This vaccine is licensed for use only in Australia, where it is given primarily to farmers, abattoir workers, and laboratorians. The vaccine has been demonstrated to be highly effective and has a strong safety record (11) . The vaccine cannot be given to persons already immune to C. burnetii, as this can cause a severe adverse reaction at the injection site (11) . Because of this, potential vaccinees have to be carefully screened both for anti-Coxiella antibodies and by a skin test to identify potentially adverse responses. Both of these tests need to be negative before vaccination is advised (11) . Previously, a Q fever vaccine based on a formalin-inactivated form of the phase 1 Henzerling strain of C. burnetii was available from the Special Immunizations Program of the U.S. Army Medical Research Institute for Infectious Diseases (USAMRIID) as an investigational new drug (IND). This vaccine is not currently available and has been placed on hold due to potency issues with the skin test (12) .
The longevity of the protective immune response against C. burnetii provided by either natural infection or vaccination has not been well defined. The most common approach to evaluate immunity has been the measurement of the levels of serum antibody against C. burnetii. A study from the Netherlands that followed serology in a large group of naturally infected persons observed during that country's 2007-2011 Q fever epidemic found that IgG phase 2 serum antibody peaked at a mean of 53 days after symptom onset and then declined slowly, with the half-time of the antibody decay rate being 318 days (13) . Thus, greater than 20% of acute Q fever patients could become seronegative 3 to 4 years after having the disease. Indeed, an analysis of Q fever patients in Australia 6 years after an outbreak found that 7/38 (18.4%) had become seronegative (7) . A study of antibody responses in people vaccinated against Q fever found that only 60% had positive titers 20 months after vaccination, whereas 90% had detectable cellular immune responses (11) . These results suggest that measurement of cellular immunity should be considered an indicator of previous exposure to C. burnetii. However, detection of cellular immunity in vaccinated subjects has also been reported as variable (14) .
The purpose of this study was to compare the abilities of antibody assays and measurement of T cell responses to detect immune responses to C. burnetii in vaccinated people. Because of access to a pool of subjects vaccinated at various times, this study also examined the longevity of these immune responses in Q fever vaccinees.
MATERIALS AND METHODS
Blood donors. Vaccinated donors were recruited from the Centers for Disease Control and Prevention (CDC) campus in Atlanta, GA. Vaccinated donors provided their date of vaccination at the time of blood donation. Control donors were recruited from the Emory/CDC blood donor program. The control donors were considered to be at relatively low risk for Q fever exposure; farmers and veterinarians were excluded from this group. All donors gave informed consent before donation. The study was approved by the CDC Institutional Review Board (protocol no. 6019).
IFN-␥ release assay (IGRA).
Heparinized whole blood was aliquoted into wells of a 24-well tissue culture plate at 1 ml per well. The wells were inoculated with either 20 g/ml PHA-L (Sigma, St. Louis, MO), 9 g/ml Nine Mile phase 1 C. burnetii antigen (see below), or nothing. Plates were then incubated for 22 h at 37°C and 5% CO 2 . After incubation, 200 l plasma was removed from each well and analyzed for the presence of gamma interferon (IFN-␥) using a Bio-Plex Luminex 100 (Bio-Rad, Hercules, CA) with a human IFN-␥ fluorokine MAP kit (R&D Systems, Minneapolis, MN).
Antigen preparation. The antigen was a chloroform-methanol residue (CMR) of C. burnetii strain Nine Mile phase 1 (RSA493). The CMR preparation method was based on a published technique (15) . The bacteria were grown in ACCM-2 axenic media at 2.5% O 2 and 5% CO 2 . After 6 days of growth, cells were pelleted, washed with water, and then resuspended in 1% formaldehyde. The cells were then incubated at room temperature for 24 h. The fixed organisms were then washed 3 times in deionized water and lyophilized. The lyophilized C. burnetii organisms were refluxed with a 4:1 mixture of chloroform-methanol in a microcentrifuge tube at 70°C for 6 h. The resulting mixture was put through a Whatman no. 1 filter, and the residue on the filter was refluxed in 4:1 chloroformmethanol for another 6 h. After filtration, the residue was refluxed again, followed by filtration. The resulting residue was resuspended in phosphate-buffered saline (PBS) and used as the antigen. Protein concentration was determined using a bicinchoninic acid (BCA) protein assay (Bio-Rad). The CMR of C. burnetii has been reported to contain lipopolysaccharide (LPS), protein, and peptidoglycan (16) .
IFA. Antibodies to C. burnetii were measured by indirect fluorescentantibody test (IFA). Heparinized whole blood was centrifuged at 800 ϫ g, and plasma was removed. Wells on slides coated with either a Nine Mile phase 1 (RSA493) or Nine Mile phase 2 (RSA439) strain of C. burnetii were treated with titrations of plasma samples. Washed slides were treated with fluorescein isothiocyanate (FITC)-conjugated goat anti-human antibody, and binding was visualized using a fluorescence microscope. The titers reported are the greatest dilution of plasma that resulted in unambiguous antibody binding.
Statistics. Student's t 95% confidence intervals (CIs) were determined for mean IgG log 2 titer and IFN-␥ values for both vaccinated and control groups, and geometric mean titers (GMTs) and associated CIs were calculated from these by exponentiation as appropriate. Comparison of log 2-GMTs and IFN-␥ means were made using Student's t 95% CI for the differences between the groups; the GMT (and CI) comparison was expressed directly as a ratio by exponentiation of this result. A cutoff for positivity for the IFN-␥ values was derived using receiver operating characteristic (ROC) curve analysis, where the cutoff was determined from the ROC curve by choosing the IFN-␥ value that yielded equal empirical sensitivity and specificity. Linear models were used to evaluate whether there was a statistically significant decline in IgG titer and IFN-␥ responses with time (in years since vaccination) by estimating the coefficient (and 95% CI) for the time since vaccination, along with an analysis of variance (ANOVA) test that the coefficient was positive.
RESULTS
Since 2002, the CDC has been providing Q fever vaccination to workers whose job duties include a potential for exposure to C. burnetii. Between 2002 and 2004, these workers were vaccinated using the IND vaccine from the special-immunization program at USAMRIID. Between 2007 and the present, workers have been vaccinated with Q-Vax in Australia. Personnel that received vaccination from these 2 sources were offered an opportunity to participate in this study, and a total of 16 Q fever-vaccinated people enrolled. Eleven of the volunteers received the Australian Q-Vax vaccination, and 5 enrollees received the IND vaccination from USAMRIID. Twenty-nine volunteer donors that were considered to be at low risk for previous exposure to Q fever were also enrolled as a control group.
The humoral and cellular immune responses in the participants were evaluated. Humoral immunity was measured by determination of plasma IgG antibody levels using IFA. Individual IgG titers against phase 2 antigen in the vaccinated group varied, with one donor having a titer of less than 1:16 and the highest titer being 1:2,048, with the other titers distributed between these extremes (Fig. 1) . Titers in the control group were mostly less than 1:16, although titers of 1:32, 1:64, and 1:128 were also observed. Assigning a titer of 1:8 for a negative result, the GMT of IgG against phase 2 Nine Mile C. burnetii antigen in the vaccinated group was 1:108 (95% CI, 1:55.2 to 1:209.8), whereas the GMT in the control group was 1:12.0 (95% CI, 1:8.7 to 1:16.6) (Fig. 1) . The two GMTs were significantly different, with a ratio of 1:9.0 (95% CI, 1:4.3 to 1:18.5). To determine a cutoff for a positive measurement, potential cutoffs of 1:32, 1:64, and 1:128 were considered. The cutoff of 1:64 gave results where sensitivity (81.25%) and specificity (89.66%) were most closely matched; this cutoff therefore resulted in IFA calling 13/16 (81.25%) vaccinated subjects positive and 3/29 (10.3%) of the control subjects positive. Cellular immunity was evaluated using an IGRA that was developed using a chloroform-methanol residue of phase 1 Nine Mile C. burnetii as an antigen. Whole blood from vaccinated subjects was tested for the ability to produce IFN-␥ in response to C. burnetii antigen in vitro. The range of responses in the vaccinated subjects was 4.6 to 428 pg/ml, whereas in the control subjects, the range was 0.24 to 148.91 pg/ml. Individual responses are plotted in Fig. 2A . The mean IFN-␥ response in vaccinated subjects was 141.1 pg/ml (95% CI, 72.3 to 210.0 pg/ml), whereas in control subjects, the mean IFN-␥ response was 21.4 pg/ml (95% CI, 8.7 to 34.0 pg/ml). The difference of 119.8 pg/ml (95% CI, 50.1 to 189.4 pg/ml) between the two groups was significant. All of the samples tested responded to phytohemagglutinin (PHA) mitogen. To establish a cutoff for a positive response, a ROC curve was constructed (Fig. 2B) . Using this curve, a cutoff of 31.11 was chosen to give equal sensitivity and specificity, here resulting in an empirical sensitivity of 81.25% and a specificity of 82.76%. Based on this cutoff, the IGRA therefore found 13/16 (81.25%) vaccinated subjects positive and 5/29 (17.24%) control subjects positive.
Both the IFA and the IGRA identified 13/16 of the vaccinated subjects as positive, but the 3 subjects that tested negative were different in the different assays. This can be visualized in Fig. 3A , where the vertical and horizontal lines mark the cutoffs for the IFA and IGRA, respectively. There were 3 subjects positive by IGRA only, 3 positive only by the IFA, and 10 samples positive by both assays. None of the vaccinated people were negative by both assays. Figure 3B shows the control group results for both assays. The three subjects that were positive by IFA had negative IGRA responses, and the 5 control subjects that were positive by IGRA were below the cutoff for IFA.
Because the vaccinated subjects were vaccinated over a period of 10 years, it was possible to compare the results of the two assays to the time that had elapsed since vaccination. We plotted each subject's antibody titer against the corresponding number of days since vaccination for that subject (Fig. 4A) . Based on this graph, we fit a linear regression model for antibody titer as a function of days since vaccination. The resulting fit for the line did not have a negative slope, indicating that antibody titers were not lower as the time between vaccination and analysis increased. The coefficient for days in this model was estimated as 0.0003 (95% CI, Ϫ0.0005 to 0.001; P value ϭ 0.46). Similarly, a plot of IFN-␥ production versus days since vaccination (Fig. 4B) did not indicate a statistically significant reduction in IFN-␥ responses as the time since vaccination increased. The coefficient for days in this model was estimated as Ϫ0.00042 (95% CI, Ϫ0.06 to 0.57; P value ϭ 0.98). For these subjects, immune responses to C. burnetii were longlived, even out to 9 years postvaccination.
DISCUSSION
Detection of prior exposure to C. burnetii in humans can be important for the estimation of the impact of Q fever on a population and for defining risk factors for exposure. Exposure to C. burnetii has typically been evaluated by measurement of serum antibody, and this approach has a number of advantages. Serum antibody tests can be performed on a fairly large scale using enzyme-linked immunosorbent assay (ELISA), and the serum can be stored before analysis, allowing archived samples to be analyzed. Measurement of serum antibody is also the "gold standard" for Q fever diagnosis. However, there are some issues with the serum antibody approach. The decline in serum antibody over time could cause seroprevalence to underestimate the true level of exposure in a population significantly, and results of seroprevalence studies can vary significantly depending on the method of antibody detection, the cutoff titer used, and interlaboratory variability (17) .
An alternative method that could be employed to examine prior exposure to C. burnetii is the IGRA, which analyzes the T cell response to C. burnetii antigens in vitro. The IGRA has been used for detection of immunity to Mycobacterium tuberculosis, and currently two FDA-approved commercial kits are available for this purpose (18) . These assays have been reported to be at least as effective as tuberculin skin tests at detecting exposure to tuberculosis (19) . An enzyme-linked immunosorbent spot assay (ELISPOT assay) detecting IFN-␥ responses to C. burnetii has also been reported to have positive results on patients with prior acute Q fever and to detect much stronger responses in a small number of chronic Q fever patients (20) .
In this study, the abilities of IFA and IGRA to predict prior vaccination against C. burnetii were compared. The two assays performed similarly, with the IFA having a sensitivity of 81.25% and a specificity of 89.66% and the IGRA having a sensitivity of 81.25% and a specificity of 82.76%. Both assays failed to detect a response in 3/16 vaccinated subjects. However, the three nonresponders were different for each assay, therefore resulting in a positive response for all vaccinees when the two assays were used in tandem. Results from the control group showed a positive response in 8/29 subjects when the results of the two assays were combined. Although the use of both assays can bring the sensitivity up to 100%, this can happen only at the expense of specificity, which drops to 72.4% when both assays are used.
There is a possibility that some samples in the control group are true positives and the specificity may not be as poor as it seems. A national seroprevalence study in the United States found 3.1% of people to be seropositive for C. burnetii (21) . As this was detected in a broad group of people that did not have any specific risk factors for C. burnetii, it would not be unexpected to find 1 or 2 true positives in the control group used here. However, most of the 8 positives in the control group are likely to be false positives, and the poor specificity when the two assays are used in tandem cannot be overlooked. In this study, the IFA had the best combination of sensitivity and specificity.
These experiments also demonstrate that immune responses to C. burnetii can persist for at least 10 years after vaccination. The subjects vaccinated 7 to 10 years prior to the analysis had responses similar to those of people vaccinated only months before testing. There was not a trend toward lower responses with increased time since vaccination. A caveat to this interpretation is the fact that the subjects vaccinated 7 to 10 years before testing received the IND vaccine developed at the USAMRIID, whereas the more recent vaccinees received Q-Vax from Australia. It is possible that the USAMRIID vaccine induces more robust immune responses and that these have declined over time but are now at the level in the Q-Vax recipients. However, if the responses in Q-Vax recipients are analyzed separately, the data still do not indicate reduced immune responses with increasing time since vaccination.
The results for the IFA that are reported above measure antibodies against the Nine Mile phase 2 strain of C. burnetii. However, IgG antibodies against Nine Mile phase 1 were also detected. For the vaccinated group, 11/16 were positive when 1:64 was used as a cutoff. Levels of anti-phase 1 antibodies are typically very low in acute Q fever infections but can become very high during chronic infections (22) . The highest phase 1 titers measured among the vaccinated group were 1:512, below the normal diagnostic criteria for chronic Q fever. For the IGRA, only Nine Mile phase 1 was used to prepare the CMR antigen. It is possible that stronger IGRA responses could have been observed if Nine Mile phase 2 or Henzerling phase 1 (the vaccine strain) was used as the antigen. However, there is no evidence that differences between Nine Mile phase 1 and phase 2 would be apparent in T cell responses to chloroform-methanol-extracted antigens. Studies on the efficacy of the human Q fever vaccine have suggested that greater than 90% of recipients can be protected (23) . However, there is not much information on the longevity of the protection, with the few studies that have been performed estimating protection for at least 5 years (11). It is not currently possible for vaccinated people to receive the vaccine a second time due to adverse reactions at the injection site in previously immune recipients. Studies on people previously infected with C. burnetii have suggested that there may be a decline in immune response over time, at least when antibody titers are measured. It is therefore important to consider how long immune responses will persist in vaccinated people. The results presented here suggest that immune responses can persist for at least 10 years and that measurement of both antibody titers and in vitro T cell responses provides the most sensitive indicator of immunity.
